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ABSTRACT 
Th~_use of DC arc optical emission spe.ctroscopy (OES) for 
quantitative analysis of thin films deposited on graphite electrodes 
was investigated as a process control tool. Three binary systems 
were evaluated: nickel-chromium, phosphorous-silicon, and silicon·-
aluminum. Sampling by direct deposition onto graphite electrodes 
placed in the deposition chamber with product runs proved to be a 
rapid, representative, and non-disruptive technique. Standard elec-
trodes were prepared for each system either by evaporation of solu-
tions of known concentration onto the tips of electrodes or by 
weighing out powdered standards of the appropriate concentrations. 
Standard curves were then prepared by burning multiple sets of 
standard electrodes in a DC arc of 15 amperes and obtaining inten-
sity ratios of selected analytical line pairs. 
Comparison of the OES technique with atomic absorption, 
electron microprobe, or gravimetric analysis of samples from the 
same deposition showed absolute agreement to within ±3% for the 
nickel-chromium system, ±0.3% for the phosphorous-silicon system, 
and ±0.2% for the silicon-aluminum system. Maximum relative per-
cent error for the techniques were 5%, 10% and 12.5% respectively. 
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ACKNOWLEDGEMENT 
·The- author wishes to gratefully acknowledge the management 
of Harris Semiconductor, a division of Harris Corporation, for 
' 
their support and encouragement in the preparation of this report. 
Introduction 
Experimental 
Equipment 
CONTENTS . 
Sample Film Preparation 
Preparation of Standards 
Excitation Conditions and Analytical 
Quantitation Procedure 
_ Comparative Analysis Techniques 
Results and Discussion 
Nichrome 
Phosphosilicate Glass 
S·ilicon-Aluminum 
Conclusion 
References 
Line Selection 
iv 
Page 
1 
4 
4 
4 
7 
9 
10 
12 
15 
15 
18 
22 
31 
32 
TABLE 
I 
II 
III 
IV 
v 
VI 
LIST OF TABLES 
TITLE 
Intensity Ratio Values for the Line Pair 
3017.6 Cr/3003.6 Ni Obtained from Standard 
Solutions 
OES Analysis of Ni-Cr Samples and Comparison 
to Atomic Absorption Spectroscopic Analysis 
Intensity Ratio Values for the Line Pair 
2535.6 P/2532.4 Si Obtained from Standard 
Solutions 
OES Analysis of P-Si Samples and Comparison 
to Electron Probe Microanalysis (EPMA) 
Intensity Ratio Values for the Line Pair 
2987.6 Si/3059.9 Al Obtained from Powder 
Standards 
OES Analysis of Si-Al Samples and Comparison 
to Gravimetric Analysis 
v 
PAGE 
16 
19 
21 
24 
26 
29 
FIGURE 
1 
2 
3 
4 
5 
6 
7 
8 
LIST OF FIGURES 
TITLE 
Nichrome and Silicon-Aluminum Sampling Apparatus 
PSG Sampling Apparatus 
Chromium Calibration Curve Based on the 
3017.6 Cr/3003.6 Ni Line Pair 
Correlation of OES and AAS Results for Nickel-
Chromium 
Phosphorous Calibration Curve Based on the 
2535.6 P/2532.4 Si Line Pair 
Correlation of OES to EPMA Results and Calculated 
"Target.. Values for Phosphorous-Silicon 
Silicon Calibration Curve Based on the 
.... 
2987.6 Si/3059.9 Al Line Pair 
Correlation of OES and Gravimetric Results for 
Silicon-Aluminum 
vi 
PAGE 
5 
6 
17 
20 
23 
25 
27 
30 
INTRODUCTION 
~u~titative analysis of vacuum deposited metal and chemical 
vapor deposited (CVD) glass thin films can present unique analytical 
problems as the .. bulk" composition of films several microns to less 
than 100 angstroms thick must be measured. Obtaining representative 
samples in sufficient quantity for accurate analysis can in itself 
be a major obstacle, and sampling techniques must not disrupt the 
manufacturing process. 
Thin films may be analyzed by suitable modification of 
1-4 
classical wet methods and colorimetry, and by combination of wet 
3-6 
and instrumental methods such as atomic absorption spectroscopy. 
However, these methods are time-consuming. They require dissolution 
of sample, often from multiple substrates, with high error potential 
1 
in weighing. The determination itself can be complicated by interfer-
ing species or matrix effects. Electron beam methods are also useful 
. 7-12 for thin film analys~s. However, for bulk thin-film composition 
such microanalysis can be difficult to quantitate due to lack of 
suitable standards. Small beam spots applied to nonhomogeneous films 
can lead to incorrect results, and computerized data treatment is 
often required to compensate for matrix effects and the statistics of 
the counting process. X-Ray emission and fluorescence methods are 
perhaps the most useful quantitative analytical tool for thin films, 
and these methods are well documented.?-9 , 12- 15 
The purpose of this project was to develop a rapid, inexpen-
2 
sive, and suitably accurate analytical technique for the analysis 
of thin films. Due to excessive time requirements or lack of suit-
able instrumentation, all of the techniques mentioned previously 
were unacceptable for routine process control analysis. Since an 
emission spectrograph was available and the direct deposition of 
thin film samples on carbon electrodes was a potentially attractive 
sampling technique, the use of optical emission spectroscopy (OES) 
as a quantitative tool for analysis of thin films was chosen for 
investigation. Three thin films systems were evaluated: evaporated 
Nichrome, CVD phosphosilicate glass, and sputtered silicon-aluminum. 
Sample thin films were deposited on the tips of standard 
graph~te electrodes appropriately situated~ in the vacuum evaporator, 
chemical vapor deposition chamber, or sputtering rig. In this manner, 
electrodes were conveniently included with thin-film production 
runs. They have proved entirely compatible with vacuum conditions 
t 'l' d 16-17 u ~ ~ze • Electrodes were then placed in the emission spectra-
graph for excitation. No micro-weighing or chemical pre-treatment 
of sample was necessary. Densitometry of the photographically re-
corded data, utilizing sensitive atomic lines, yielded film composi-
tion when compared to the OES data on properly prepared standard 
electrodes. Significantly, the mass of material deposited on elec-
trades was a little as 15 ~g, considerably less than the amount of 
sample typically required for emission analysis. Although the compo-
sition of the "bulk" film must be determined, the techniques employed 
were necessarily in the realm of trace analysis. Accordingly, 
3 
continuous DC arc excitation was the spectrographic method chosen, 
as it offers the greatest sensitivity for trace metals of any spectra-
. 18-19 graph~c ~ource. OES has previously been applied to thin-film 
analysis by pre-concentration of dissolved samples or by peeling 
. 20-21 16 f~lms from substrates. Dielman et al., have used the technique 
for analysis of trace contaminants in aluminum thin films, but no 
attention has been given to quantitative analysis of thin films de-
posited directly on electrodes. 
4 
EXPERIMENTAL 
Equipment -
An Applied Research Laboratories two-meter emission spectra-
0 graph, Rowland mount, with a 24,400 line/inch grating and 5.2A/mm 
dispersion was used in this study. The optical range used was 
0 
2200-3600A, first order. An Applied Research Laboratories Model 
2255 scanning comparator densitometer was used for all film trans-
mission readings. 
All samples except silicon-aluminum standards were deposited 
on National L3960, 1/4 inch diameter flat end graphite electrodes 
and burned using National L3921, 1/4 inch diameter flat end counter 
electrodes and a continuous DC arc of 15 amperes. A 20~ slit and 
3mm analytical gap were used. Because of the massive electrodes 
and relatively short exposure times used, no adjustment of the ana-
lytical gap was necessary during arcing. No light reduction filters 
were employed. 
Kodak Spectrum Analysis Film No. 1, D-19 developer and fixer 
were used with the manufacturer's recommended developing conditions. 
Sample Film Preparation 
An electrode holder for obtaining nickel-chromium and silicon-
aluminum samples is shown in Figure 1. Graphite electrodes were 
clamped into a stainless steel collar so that only the electrode tip 
above the slot was exposed to the evaporation source or sputtering 
target. This assembly fit conveniently in one of the positions of 
5 
the holder inside the deposition chamber. The thin films were 
deposited on the electrode tip with the same thickness and composi-
tion as _the--adjacent product. Thin film samples so obtained did 
not disrupt normal production procedures. 
Hinge 
-Electrode 
~-----...... -Holder 
Clasp Hook 
Source 
Top View 
Side View 
FIGURE 1 
NICHROME AND SILICON-ALUMINUM SAMPLING APPARATUS 
PSG thin film samples were obtained by direct deposition of 
the glass onto the tip of a graphite electrode suitably placed in 
the CVD chamber with the product. The device used to hold the elec-
trade in place is shown in Figure 2. A 1/4 inch hole was drilled 
through the carbon support such that the base of the electrode rest-
ed on the graphite susceptor holding the product. This is important 
6 
because the susceptor is heated and the amount of glass which depos-
its on a surface is directly related to the substrate temperature. 
The slight. difference in temperature which may exist between the 
electrode tip and the actual product has a negligible effect on the 
analytical results. Typical samples were on the order of 250 ~g of 
PSG. Deviations from this mass did not adversely affect the results 
because the ratio of phosphorous to silicon, silicon being the in-
ternal standard, was used for the analysis. 
Electrode 
Graphite Block 
Graphite Susceptor 
FIGURE 2 
PSG SAMPLING APPARATUS 
Preparation of Standards 
Nichrome. A stock solution of chromium was prepared by 
dissolv~ng _ K2cr2o7 (J. T. Baker reagent grade) in deionized water. 
7 
A stock solution of nickel was prepared by dissolving the 99.999% 
metal (Alfa Inorganics) in warm nitric acid (J. T. Baker Electronic 
grade). Series of working standard solutions were prepared by ap-
propriate dilution of aliquots of the stock solutions with deionized 
water. The final set of working standards was prepared by mixing 
of measured volumes of Ni and Cr standards to produce solutions A 
through G (Table I), such that Cr varied from 20% to 80% while Ni 
varied from 80% to 20%, by weight. Each standard was prepared to 
contain a total mass of Ni and Cr equal to 15 ~g/ml. 
Electrodes for calibration curves were prepared by evapora-
tion of 1.00 ml aliquots of standards A-G, applied dropwise via 
pipet to individual electrodes. Electrodes were held upright in a 
graphite block 1 inch thick and drilled to accept the 1/4 inch dia-
meter electrodes. The block was placed on a hot plate maintained 
at 150°C during the dropwise addition of standard solution. Under 
these conditions, the solvent evaporated quickly without spattering 
and left a uniform deposit on the electrode tip. When complete, the 
standard electrodes contained a total mass of Ni and Cr approximately 
equal to the amount of metal on the sample electrodes. For each 
calibration run, triplicate electrodes were prepared for standards 
A-G. 
Phosphosilicate Glass. Stock solutions of phosphorous and 
8 
silicon were prepared by dissolving (NH4) 2HPo4 (J. T. Baker reagent 
grade) and sodium silicate (J. ~- Baker reagent grade), respectively, 
in deiC?ni.zed water. A series of working standard solutions was pre-
pared by diluting appropriate aliquots of the stock solutions with 
deionized water. Each ml of these standards, A-D (Table III) con-
tained the approximate mass of P and Si present in the samples. For 
this procedure, Si served as the internal standard and was kept at 
a constant mass in all the standards. Since the samples were a 
phosphosilicate glass, the amounts of P and Si in the standards 
were adjusted to compensate for the oxygen in the samples. Calcula-
tions for the standards were based on the assumptions that the 
samples were composed of elemental phosphorous in Sio2 • Although 
the samples are most likely P 0 in Sio2 , this simplification was X y 
justifiable since only weight percent phosphorous need be known for 
process control. 
Evaporation of the standard solutions on the electrodes was 
performed in the same manner as for Nichrome. However, the hot 
plate temperature was lowered to 120°C to reduce spattering of the 
liquid. For each calibration run, triplicate electrodes were pre-
pared from each standard. 
Silicon-Aluminum. Use of solution standards proved unsuc-
cessful for silicon-aluminum because of very low emission sensitivity 
for aluminum deposited from solution. This may have been caused by 
matrix effects introduced by the anions present or high volatility 
of the aluminum salt, resulting in loss of aluminum during the 
9 
evaporation step. 
Standards were, therefore, prepared from 6-9's silicon 
powder (.90-l-501J) and 5-9's aluminum powder (90-1501J) . Appropriate 
amounts of each powder were weighed in a plastic vial and mixed on 
a Wig-L-Bug mixer for thirty seconds. No mixing ball was included 
in the vial because it was found that the action of the ball embed-
ded silicon in the walls of the plastic vial. Standards containing 
1, 2, 3, and 4 percent silicon by weight were prepared in this manner. 
For each standard, 0.25 to 0.35 mg was weighed into a 1/8 inch dia-
meter, National L3975, shallow-cup graphite electrode in triplicate 
for each calibration run, and burned against a 1/8 inch diameter, 
National L4037 counter electrode. The same excitation conditions 
were used as for the 1/4 inch diameter electrodes. A comparison of 
results using 1/4 inch versus 1/8 inch diameter sample electrodes 
was made and will be ~iscussed later in this report. 
Excitation Conditions and Analytical Line Selection 
Optimum excitation conditions were determined by repetitive 
exposures of samples and standards at various settings. An exposure 
time of 20-30 seconds was found to be sufficient for total consump-
tion of the sample, while consistently producing a background of 
85-95 percent. Thus background corrections were found to be unnec-
f th hn . 19 essary or ese tee ~ques. 
Nichrome. While there are abundant atomic lines of Ni and 
Cr, only the more sensitive arc lines are usable in this technique 
because of the small sample size. Excitations of standards prepared 
10 
as above were carried out to identify lines for which intensities 
varied predictably as the known Ni and Cr concentrations. Of three 
possible Ni/Cr line pairs identified, the 3017.6 Cr/3003.6 Ni pair 
was chosen based on the reproducibility of intensity values, calibra-
tion curve linearity, and their close proximity to each other thereby 
minimizing film-bac~ground effects during densitometry. 
Phosphorous-Silicon. Since the sensitivity for phosphorous 
in the ultraviolet region is low and the number of lines are few, 
0 
the analytical line choice was the most sensitive at 2535.6A. The 
close proximity of a suitable silicon internal standard line at 
0 
2532.4A made background differences negligible. Optimum excitation· 
conditions for this line pair were determined by systematically 
exposing numerous sample and standard electrodes. An exposure time 
of thirty seconds was found to be optimum. All other excitation 
conditions were the same as those described previously. 
Silicon-Aluminum. For the silicon-aluminum system, the line 
pair 2987.6 Si/3059.9 Al was chosen by following the procedure des-
cribed above. 
Quantitation Procedure 
Nichrome. For the two element Ni/Cr system, chromium is the 
analyte while nickel serves as the "internal standard". As has been 
1 1 . 22 th t' . described for spectrochemical ca cu at~ons, e equa ~ons govern~ng 
quantitation of this analysis are 
{1) 
11 
(2) 
where Icr and INi are the integrated intensities for the indicated 
analytical line, Fer and FNi are functions derived from the spectral 
line intensities produced by the excitation parameters, and Ccr and 
CNi are the concentrations of Cr and Ni atoms in the samples. For 
this two element system 
CCr + CNi = 100 percent (3) 
For continuous DC arc excitation, the absolute line intensi-
ties vary from one sample to the next because of instabilities inher-
ent in the arc discharge. Thus, the absolute intensities can only 
be used when obtained by averaging a large number of runs. Repeti-
tive samples can be run and the relative intensity values used to 
establish a working calibration curve. Using this approach, the 
intensity relationship becomes 
Icr(3017.6) 
INi(3003.6) = 
F Cr (CCr' CNi) 
FNi(CCr' CNi) 
(4) 
Ccr and CNi are not independent quantities, so Equation 3 holds and 
the expression becomes 
Icr(3017.6) 
INi(3003.6) (5) 
where the quantity (100-CC ) . represents the balance of film compo-
r N~ 
sition in addition to Cr. Hence ccr can be plotted as a function of 
12 
the intensity ratio Icr(3017.6)/INi(3003.6) to yield a working stan-
dard curve for analysis of chromium content of thin films. 
This-is a variation of the usual internal standard procedure 
in which one element remains at a relatively constant concentration 
and serves as a "standard" for analysis of the other. 
Phosphosilicate Glass and Silicon-Aluminum. The phosphosil-
icate glass and silicon-aluminum procedures utilize the classical 
19 22 internal standard technique applied to very small samples. ' In 
the phosphosilicate glass technique, silicon serves as the internal 
standard for analysis of phosphorous, while in the silicon-aluminum 
procedure, aluminum serves as the internal standard for ~alysis of 
silicon. The major constituent was present ~ at a concentration of 
greater than 90% over the range of the calibration curve for both 
these systems. Thus, it can be considered to remain essentially at 
a constant percentage relative to the variable unknown and can serve 
as the internal standard. The range of concentration of the standard 
curves was chosen to cover the range of anticipated thin film campo-
sitions. 
Comparative Analysis Techniques 
Nickel-Chromium. Atomic absorption spectroscopy (AAS) was 
employed to check the accuracy of the OES method. On selected depo-
sitions, 3/4 inch x 1 inch glass slides were placed adjacent to 
electrodes for the simultaneous collection of nichrome. Ten slides 
from each deposition were weighed, the deposited film dissolved in 
O.OlM Ceso4 solution (prepared in 3M nitric acid), and the substrate 
13 
slides dried and reweighed. Total sample weight was 0.8-1.0 mg. An 
analytical working curve for chromium was prepared from the standard 
stock solutions used for making the OES standards. The Ceso4 sample 
solutions were quantitatively diluted and the acidity of the standards 
adjusted to match that of the samples. AAS results for chromium in 
the selected samples were then obtained on a Jarrell-Ash Model JA 
82-500 AA Spectrophotometer using a Cr hollow cathode lamp at a wave-
0 
length of 3578.7A. Percent nickel was not determined. 
Phosphorous-Silicon. An electron microprobe method involving 
comparison of phosphorous X-Ray count data obtained from the thin 
film samples with count data from known standards was used to check 
the accuracy of the OES method. This was a modification of documen-
. 23-25 ted methods used prev1ously. By taking phosphorous X-Ray count 
data on standards of known thickness and composition, and then nor-
malizing the counts to a standard thickness, a calibration curve was 
drawn. X-Ray counts and thickness measurements were then made on the 
unknowns, the count data normalized to the standard thickness, and 
percent phosphorous read from the calibration curve. 
Silicon-Aluminum. Gravimetric analysis for percent silicon 
was the process control technique in use. Obviously, atomic absorp-
tion spectrophotometry would have been preferred, but the instrument 
available was not equipped for analysis of refractory elements. In 
the gravimetric procedure the thin film was collected on a suitable 
substrate, weighed, the aluminum selectively etched, and the substra-
te reweighed. The silicon was then mechanically swabbed off and the 
14 
substrate again weighed. In this manner, the weight of silicon and 
aluminum in the films was determined. 
15 
RESULTS AND DISCUSSION 
Nichrome 
Four triplicate analyses of standard electrodes done at 
different times gave the Icr (3017.6) / INi (3003. 6) intensity ratio 
values for standards A-G summarized in Table I . The increase in the 
standard deviation as percent Cr increases or decr eas es from 50% is 
due to increased microphotometer errors at high and low transmission 
d . 26 rea ~ngs. At the extremes of the calibrati on curve, one element 
line is quite dark while the other i s very light . The error in the 
analysis is, therefore, greatest at very high or very low chromi 
compositions, but is still acceptable for process control purposes. 
Figure 3 is the calibration curve derived by plotting the 
average values for IGr/ INi versus the respective Cer. This is the 
standard working curve for analysis of samples. The curve is valid 
as long as the roll of film in the spectrograph remains unchanged, 
and sample electrodes can be analyzed day after day until the ncali-
brated" film roll is consumed. Because of the possibility of s ··qh 
changes in emulsions, a fresh roll of f ilm is re-calibrated by anal-
ysis of standards B, D and F. Generally, however, the linearity or 
slope of the curve has not changed appr eciably from one roll to the 
next. The shifts which have occurred would not have changed previous 
results by more than ±0.5% chromium. 
Standard solutions prepared from K2cr2o7 yielded more repro-
ducible intensity ratio values than those prepared by dissolution of 
16 
. 
TABLE I 
Intensity Ratio Values for the Line Pair 
3017.6 Cr/3003.6 Ni Obtained From Standard Solutions 
Standard 
Weight % Cr 
Run I 
Run II 
Run III 
Run IV 
Average 
Average Dev. 
Std •. Dev. 
A 
20 
0.46 
0.42 
0.37 
0.34 
0.42 
0.33 
0.25 
0.26 
0.33 
0.29 
0.37 
0.30 
B 
30 
0.54 
0.44 
0.42 
0.46 
0.54 
0.51 
0.50 
0.42 
0.48 
0.43 
0.50 
0.56 
c 
40 
0.57 
0.59 
0.56 
0.60 
0.52 
0.48 
0.52 
0.58 
0.64 
0.57 
0.64 
0.58 
D 
50 
0.82 
0.83 
0.83 
0.86 
0.78 
0.78 
0.87 
0.80 
0.78 
0.78 
0.81 
0.79 
E 
60 
0.91 
1.00 
0.97 
0.95 
0.92 
0.96 
0.93 
1.03 
0.95 
1.02 
0.99 
0.88 
F 
70 
1.16 
1.30 
1.24 
1.21 
1.23 
1.14 
1.24 
1.16 
1.23 
1.24 
1.19 
1.26 
G 
80 
1.54 
1.66 
1.62 
1.58 
1.60 
1.59 
1.70 
1.65 
1.57 
1.59 
1.53 
1.43 
0.35 0.48 0.57 0.81 0.96 1.22 1.59 
0.053 0.042 0.034 0.026 0.036 0.037 0.046 
0.063 0.050 0.045 0.030 0.043 0.045 0.061 
1.60 
- -
1.40 
1.20 
z 
"' coo;
= = ~ 1.00 
-c::i 
"' ,..:
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~ 
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FIGURE 3 
CHROMIUM CALIBRATION CURVE BASED ON 
THE 3017.6 Cr / 3003.6 Ni LINE PAIR 
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Cr metal. It is likely that the arc discharge was stabilized by the 
. 19 27 buffering action of potass~um. ' Although sample electrodes did 
not conta~n _ potassium, they exhibited arc stability comparable to 
the standards, possibly because of the uniformity of the film dis-
tribution over the electrode tip. 
Quantitative analytical results for many nichrome film depo-
sitions of varying composition were completed as summarized in 
Table II. The percentage Cr values were obtained from the calibra-
tion curve in Figure 3. Reproducibility of results is evident from 
the data on multiple samples shown in Table II. Also listed are 
the AAS comparative analyses performed on many of the samples and 
the percent error of the OES results as compared to AAS. 
An additional benefit of the OES method is its survey feature. 
After Ni and Cr line intensities were obtained, the film was scanned 
in the densitometer for presence of any other atomic lines which 
represent impurities. This provided a check on total thin film 
purity. 
Figure 4 shows the correlation between OES and AAS results. 
Except for the data on the duplicate sample #3, the relative error 
is less than 5% of the amount present. Duplication of the OES result 
suggests that the AAS determination for this particular sample may 
be in error. 
Phosphosilicate Glass 
Intensity ratios obtained from three sets of phosphorous-
silicon standard electrodes are listed in Table III. A calibration 
TABLE II 
--OES Analysis of Ni-Cr Samples and Comparison 
to Atomic Absorption Spectroscopic Analysis 
%Cr (OES) %Cr (AAS) % error 
34 
37 
44,45a 37 +20.3 
44 42 +4.8 
49 49 o.o 
57,57,57,57 b 
60 
65 68 -4.4 
71 71 o.o 
74 74 0.0 
77 74 +4.0 
a) Duplicate sample; 2 electrodes placed side- by-side in 
deposition chamber. 
b) Quadruplicate sample; 4 electrodes placed side- by side 
in deposition chamber. 
19 
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FIGURE 4 
CORRELATION OF OES AND AAS RESULTS 
FOR NICKEL- CHROMIUM 
60 70 80 
20 
TABLE III 
Intensity Ratio Values For the Line Pair 2535.6 P/2532.4 Si 
Obtained From Standard Solutions 
Standard 
Weight %P 
(Si remainder) 
Run I 
Run II 
Run III 
Average 
Average 
Deviation 
Standard 
Deviation 
Least squares 
data analysis 
A 
2.0 
0.40 
0.34 
0.42 
0.29 
0.30 
0.32 
0.44 
0.37 
0.37 
0.36 
0.04 
0.05 
0.39 
B 
4.0 
0.69 
0.74 
0.74 
0.75 
0.69 
0.57 
0.73 
0.78 
0.76 
0.71 
o.q5 
0.06 
0.68 
c 
6.0 
0.95 
1.05 
1.01 
1.04 
1.09 
1.07 
0.92 
0.93 
0.96 
1.00 
0.06 
0.06 
0.97 
D 
. 8.0 
1 .. 22 
1 .. 24 
1.18 
1.23 
l.39 
1.20 
1.36 
1.15 
1.17 
1.24 
0.06 
0.08 
1.27 
21 
22 
curve has been plotted from the averages of these data points in 
Figure 5. The line drawn represents the least squares fit of the 
data. 
Comparisons of the OES technique to calculated doping levels, 
electron probe microanalysis (EPMA), and colorimetric analysis of 
side-by-side samples are shown in Table rv. The calculated values 
are based on flow rates of the reactants into the depositi on chamber 
and are essentially the "target" concentration of the run . Color-
imetric analysis using a modification of the phosphamolybdate 
1-4 
method was performed on only one sample because it proved to be 
excessively tedious and time-consuming. Fi gure 6 is a plot showing 
the correlation between OES analysis results and the EPMA results 
and target values. The largest error was 10% of the amount present, 
while typical relative errors were 4-8% . 
Silicon-Aluminum 
Intensi ty ratios obtained from four sets of silicon-aluminum 
standard electrodes are listed in Table V. A calibration curve has 
been plotted from the averages of these data points in Figure 7. 
The line drawn represents the least squares fit of the data. This 
is the working curve for analysis of thin film samples. 
Comparisons of OES results to the sputtering target and grav-
imetric analysis are shown in Table VI . In the sputtering operation, 
the composition of the thin film produced closely resembles that of 
the sputtering target as long as proper procedures are followed . In 
several instances the target was not achieved , as seen from the OES 
1.40 ,.....-------...-----r-------r------,------,-------, 
~~ 1.20 l----+---+--+---t--/-----1't-----?v~ 
1.00 ~---+----+-----/-;-v----<·i)....,~-"----+------:1 
0.80 1-----+-----+1--- --/---:?G.-.f------i------1------1 
·V 
1 / 
0.601--/---+-· v~::,__4----+--__ --+----;-~ ------t 
0.40 ""'----+----+----+----+-- ---r-----, 
(!) 
0.20 '-----4-----+--.....:..--+----+-----r--------j 
02L---------~3 --------~4--------~5--------~6------~7--------~8 
%P 
FIGURE 5 
PHOSPHOROUS CALIBRATION CURVE BASED ON THE 
2535.6 P / 2532.4 Si LINE PAIR 
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%P (OES) 
2.2,1.9 a 
5.1,5.5 a 
9.6,9.9 a 
6.1 
5.3 
5.3 
5.5 
5.5 
6.3 
6.5 
TABLE IV 
OES Analysis of P-Si Samples and Comparison to 
Electron Probe Microanalysis (EPMA) 
%P (EPMA) 
5.7 
5.6 
5.2 
5.7 
5.8 
6.0 
% error 
VS EPMA 
-7.0 
-5.4 
+5.8 
-3.5 
+8.6 
+8.3 
%P (target) 
2.0 
5.0 
10.0 
6.0b 
5.5 
5 ... 5 
5.5 
5.5 
6.0 
6.5 
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% Deviation 
from target 
+10.0, -5.0 
+2.0,+10.0 
-4.0, -1.0 
+1.7 
-3.6 
-3.6 
0.0 
0.0 
+5.0 
0.0 
a) Duplicate samples, two electrodes placed side-by-side in the 
deposition chamber. 
b) Lengthy molybdate method on this sample gave 5.8% phosphorous. 
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TABLE V 
Intensity Ratio Values for the Line Pair 2987.6 Si/3059.9 Al 
Obtained from Powder Standards 
Standard 
Weight % Si 
(Remainder Al) 
Run I 
Run II 
Run III 
Run IV 
Average 
Av Deviation 
Std Deviation 
Least Squares 
Data Analysis 
A 
1.0 
0.69 
0.70 
0.62 
0.58 
0.65 
0.68 
0.65 
0.57 
0.59 
0.65 
0.73 
0.60 
0.64 
0.04 
0.05 
0.63 
B 
2.0 
0.94 
0.93 
1.04 
0.84 
0.93 
0.86 
0.93 
0.85 
1.00 
1.05 
0.90 
0.92 
0.93 
0.05 
0.07 
0.94 
c 
3.0 
1.19 
1.37 
1.22 
1.34 
1.30 
1.22 ~ 
1.16 
1.21 
1.17 
1.21 
1.16 
1.21 
1.23 
0.05 
0.07 
1.25 
D 
4.0 
1.48 
1.65 
1.54 
1.57 
1.61 
1.66 
1.55 
1.50 
1.56 
1.65 
1.56 
1.49 
1.57 
0.05 
0.06 
1.56 
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and gravimetric analysis results. It was later learned that these 
samples had been deposited by evaporation rather than sputtering and 
the exact process parameters to be used had not been established. 
Thus, these analyses proved useful to the process engineer for estab-
lishing the correct deposition conditions. 
Because the Si-Al standards were burned in 1/8 inch diameter 
cupped electrodes and the samples were collected on 1/4 inch diameter 
flat-end electrodes, the effect of electrode configuration on the 
results was evaluated. Samples \t~ere collected simultaneously on the 
1/4 inch electrodes and on 1/2 inch diameter carbon disks. The 
sample on the disk was then scraped into a l /8 inch cupped electrode . 
The results for the two electrode types in Table VI show that there 
was no significant difference. This makes it possible to use disks 
as sample substrates in rigs which will not accommodate electrodes 
because of geometry restrictions. 
Figure 8 is a plot showing the correlation between OES results 
using both electrode types and gravimetric results for percent silicon. 
The comparative analyses show absolute agreement to within 
±0.2% silicon. The maximum relative error was 12 . 5%, with most anal-
yses having a relative error of less than 8%. 
TABLE VI 
OES Analysis of Si-Al Samples and Comparison to 
Gravimetric Analysis 
OES 
% Si (1/4" % Si (1/8" % Si % Si 
electrode) electrode) (Gravimetric) (Target) 
1.4 1.4 1.6 1.5 
1.6 1.4 1.5 1.5 
1.0 1.0 1.0 
1.5 1.6 2.0b 
1.3,1.4 a 1.4 2.0b 
2.2 2.1 2.2 2.0 
1.6,1.8 a 1.6 2.0b 
0.9 0.9 1.0 
29 
% error vs 
gravimetric 
1/4" 1/8" 
-12.5 -12.5 
+6.7 -6.7 
0.0 
-7.1, 0.0 
0.0 -4.5 
0.0,+12.5 
0.0 
a) Duplicate disks placed side-by-side in the deposition chamber. 
b) Target values not achieved due to deposition parameter errors. 
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CONCLUSION 
Th~ ~pplicability of optical emission spectroscopy to analysis 
of thin films has been demonstrated for three binary systems. Many 
other similar binary systems would most probably be readily analyzed 
by modification of the techniques used. The direct deposition of 
sample thin films on graphite electrodes has reduced sample prepara-
tion and contamination problems, provided samples representative of 
product thin films, and has been non-disruptive of normal processing. 
These techniques have been proven acceptable for thin films 
deposited by thermal vacuum evaporation, ion sputtering, and chemical 
vapor deposition. Other thin film deposition methods, such as elec-
troplating, could also be easily monitored by modification of these 
procedures. 
The OES procedures described herein are well adapted to high 
volume, routine process control analysis. For the three systems 
evaluated, fifteen samples can be analyzed in only 90 minutes with 
accuracy sufficient for quality control purposes. 
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